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Environmental Studies

Remediation o f Diesel Spills in Groundwater Environments: A Case Study o f
Mandan, North Dakota and Skykomish, Washington
Director: Bill Chaloupka
Groundwater contamination by diesel fuel may result in the loss o f sources o f
human drinking water, harmful vapors, surface pollution o f lakes and waterways
by movement through the groundwater system to surface waters, soil
contamination and other severe degradations to the environment. Removal o f
spilled diesel from contaminated groundwater is dependent on the volume spilled,
hydrocarbon chemistry, groundwater depth, groundwater movement patterns,
types o f soils and subsurface strata, potential human risk and other factors.
Substantial diesel spills into groundwater have occurred at Mandan, North
Dakota (l.OM to 3.0M gallons) and at Skykomish, Washington (160,000 gallons).
The diesel spills resulted from railroad fueling activities at each site over a period
o f many years. Neither site has been remediated.
Traditional remediation methods have proven problematic, controversial, and in
many cases, ineffective, in groundwater cleanup at these sites. Emerging
technologies may improve volume and cost effectiveness o f contaminant
recovered from groundwater spills. Traditional pump-and-treat methods, while
lower in cost than other available methods, typically require remediation plans
extending to 30 years or more. Directional drilling, dual phased extraction, in-well
vapor stripping, bioslurping, air sparging, bio venting and bioremediation are some
o f the available and emerging technologies that may provide faster and more
economic remediation o f diesel spill sites, especially when combined with
traditional remediation methods.
The Mandan and Skykomish sites consist o f high permeability, high porosity
geologic media with the spills occurring near the surface in unconfmed aquifers.
Based on the site characteristics, the remediation methods proposed include initial
pump-and-treat to extract free product followed by a dual phased extraction
method using bioslurping. In-well vapor stripping should be used locally where
sufficient depth o f unsaturated soil exists. Secondary remediation would include
soil vqjor extraction combined with air sparging or bioventing. These methods
also provide oxygen to the subsurface that increases microbial activity, enhancing
final site soil cleanup utilizing an appropriate engineered bioremediation.
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1.0

Introduction
Diesel spill pollution remains a constant reminder o f the dangers o f

hydrocarbons. Over 114 million gallons o f diesel are refined, transported, stored
and consumed in the United States each d a y \ providing opportunity and occasion
for environmental disaster in large part enhanced by the economic limits o f safe
handling. Unfortunately, the activities most inherent in risk to diesel spills occur
near water bodies important to human consumption and near or in industrial
centers and towns. Short or long term, a spill negatively impacts living conditions
through pollution o f drinking water sources, disruption o f local economies, and
degradation o f the quality o f life.
Many references are available that quantify the social and environmental
effects o f diesel pollution. According to various EPA documents, diesel fuel
fumes cause illness to humans and are a carcinogen when exposure is long term.
Hydrocarbons cause a wide range o f environmental problems, including water
pollution, soil damage and wildlife destruction. Breakdown o f diesel compounds
releases volatile, dissolved, and highly carcinogenic polyaromatic hydrocarbons
(PAHs) to the water, soil and above-surface environment. Due to its “lighter than
water” character, diesel may be transported in ground and surface waters over
long distances, resulting in even greater environmental damage. Known diesel
spill plumes, deposited in the groundwater under a city's business and residential
sections, can cause illness to the overlying population and reduce property values
drastically.
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Railroad corporations contribute significantly to the environmental
damage from diesel and other hydrocarbons and toxic chemicals. Burlington
Northern Santa Fe Railroad (BNSF) lists and identifies approximately 30
CERCLA superfund sites and over 360 environmentally impaired sites that exist
directly or co-directly as a result o f their corporate practices in running and
maintaining rail equipment.^ Union Pacific Railroad identifies and is responsible
for 28 superfund sites and over 360 polluted sites.^ The statistics bear out the fact
that the railroad industry is responsible for many o f the hydrocarbon pollution
sites in the United States, especially within urban and other population centers.
Once the “d a m ^ e is done”, recovery and remediation o f impacted sites
may become an uphill trek for citizens and local, state and Federal agencies. This
study focuses on the process o f site study and remediation planning at two
locations, a diesel spill site in Mandan, North Dakota, and a “cocktail” o f
pollutants at a site in Skykomish, Washington. In both cases many years have
passed since the original diesel spills occurred, leaving a confusing legacy o f
ownership, responsibility, and politics that has overshadowed effective
application o f the science o f groundwater remediation.

2.0

Purpose
The comparison o f several active diesel spill sites may provide insight into

the types o f technologies that would better fit the needs for remediation based on

’ From Energy Information Administration/Petroleum Marketing Monthly Magazine, May, 2002,
page 146.
From Burlington Northern Santa Fe Corporation 2001 Annual Report (SEC Form 10-K) dated
2/15/2002.
^ From Union Pacific Railroad 2001 Annual Report (SEC Form 10-K), dated 3/4/2002.
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current data collected by the responsible companies, government agencies and
consulting services. This study will compare and itemize available scientific data
for status o f recovery plans, success/failure o f recovery technologies to date,
geologic and subsurface characterization, groundwater flow, soils, and other types
o f pertinent data at diesel spill sites in Mandan, N orth Dakota and Skykomish,
W ashington (see Figure 1). Ek)th sites contain free product (diesel) in the
groundwater as a result o f past BNSF fueling activities.
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A literature review o f selected remediation methods will be conducted to
determine current and emerging technologies for diesel recovery/remediation and
applicability to the study sites. Based on this information, recommendations for
incorporation o f those technologies into remediation plans will be provided.

3.0

Case Study #1 M andan, N orth D akota
A diesel spill was discovered in 1984 in downtown Mandan, North

Dakota, during construction o f a Law Enforcement Academy (Roberts, 2001).
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Mandan, population around 17,000, is located in south central North Dakota
several miles north o f the capital o f the state, Bismarck. Downtown Mandan is
located a 1/4 mile from the Heart River to the South and about 3/4 o f a mile from
the main channel o f the Missouri River to the East (see F igure 2a and 2b).
Initial investigation suggested that up to 1.0 million gallons o f diesel
entered the soil and underlying aquifer as a result o f activities at the BNSF fueling

Figure 2a Downtown
Mandan,
North
Dakota

r

R iv e r

—

to .

station and other fueling sites within the city limits beginning in the 1950’s
(Roberts, 2001).'' Estimates were later revised to 1.5 million to 3.0 million
gallons covering an area o f 675,000 square feet (Hostettler, et. al., 2000). The
Mandan site Light Non-Aqueous Phase Liquid (or LNAPL, another name for a
liquid that is lighter than water and does not readily dissolve in water) body
vertical thickness is approximately six (6) feet (Hostettler, et. al., 2000).

‘‘During discussions "on the street" in Mandan in 1998, several local merdiants described the
spillage as resulting from BNSF personnel placing the diesel nozzle in the train engine gas tank
and "walking away". When the tank overflowed, the gas tank was considered "full". Others
remembered hundreds o f gallons o f spillage during refiieling over lunch. No estimate is available
o f the amount that resulted from leaking fuel lines, storage tanks or otho" sources.
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F igure 2b - M andan N orth D akota Spill Site
The study area in Mandan is within the alluvium o f the Heart Valley,
which ranges in thickness from 25 to 109 feet. The alluvium generally divides
(top to bottom) into heterogeneous layers and lenses o f silty clay, silty sand and
sand; the descriptive continuity o f the geologic strata is "tenuous" due to different
periods o f data collection and different interpretations o f the data by various
geologists over a period o f years (Hostettler, et. al., 2000).
The diesel in the groundwater is almost universally agreed to have been
caused by the fueling operations o f the BNSF railroad from 1953 to 1991
(Hostettler, et. al., 2000). In 1985, as a result o f the discovery o f the spill at the
LEC site and the probable involvement o f the railroad, the North Dakota
Department o f Health (NDDOH) issued an Administrative Order (AO) to BNSF
to initiate a study and cleanup o f the site. Prior to 1987, BNSF sporadically
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attempted recovery operations o f the fuel and 35,400 gallons were recovered,
including 13,550 gallons by the Law Enforcement Center (LEC) contractors
during construction. Although BNSF has paid for the majority o f the cleanup
through the present time, BNSF has not been formally found liable for the site and
has not taken legal responsibility for the spill.
The initial study in 1985 by BNSF estimated the spill size at 600,000 to
900,000 gallons and an estimated recovery time o f three to five years (Roberts,
2001). In 1986, the LEC construction was completed but fuel odors in the
building continued to be an issue. That year, BNSF installed several fiiel/water
recovery wells. In 1987, fueFwater pump-and-treat recovery operations began and
102,459 gallons o f free diesel product were recovered. Recovery included a
combination o f pump-and-treat and trenching/skimming operations.
In 1989, at the request o f NDDOH, a recovery system efficiency study and
a study to investigate all other downtown Mandan fiieling locations were initiated
by BNSF. The fiiel location study results, released in 1990, identified four new
areas o f fuel contamination. Recovery wells were installed at three o f those sites
in 1992. In 1994 the fuel recovery operations changed to a belt skimmer at one o f
the sites. During the period 1990 through 1994 various wells were moved to new
areas to attempt to maximize recovery.
Flooding in North Dakota caused groundwater levels in the area to reach
all-time highs in 1995, raising the level o f the diesel plume. As a result, fuel odor
again was reported at the LEC (Roberts, 2001). BNSF paid for cleanup o f the
LEC site and meetings were held between NDDOH, Morton County (the location
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o f the City o f Mandan) and BNSF to discuss long-term solutions at LEC. No
progress was made and in 1996 the recovery operations were shut down due to the
poor results (remediation methods used recovered 1,694 gallons in 1995 and
2,936 gallons in 1996).
Due to health problems for workers at LEC and involvement o f a small
environmental organization, NDDOH stepped up activity and initiated an
intensive project review in 1997. In 1998, BNSF was directed to explore an
aggressive multiphase recovery system and to implement a groundwater
chemistry monitoring program. As a result o f these initiatives, BNSF agreed to a
more aggressive approach and timetable for remediation. Talks between the
railroad and NDDOH focused on new techniques for restoring the aquifer,
including relocating wells, horizontal drilling, injecting hydrocarbon-eating
bacteria under the city or using wells to create a vacuum and move air across the
floating hydrocarbon.^
A vacuum recovery pilot attempted in 1999 resulted in a small spike in
fuel recovery to over 10,000. The testing o f a high-pressure vacuum to remove
free diesel product was scrapped after the vacuum truck hooked to four wells
failed to perform properly.^
In November 2000, USGS published the results o f its site study entitled
“Hydrologie Setting and Geochemical Characteristics o f Free-Phase
Hydrocarbons in the Alluvial Aquifer at Mandan, North Dakota”. The study
provided several conclusions:

Bismarck Tribune, "After 11 Years, fuel still reclaimed", November 15, 1998.
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•

The LNAPL body is estimated at L5M to 3.0M gallons

•

The spatial extent o f the body is 675,000 square feet and 6 feet thick

•

Hydraulic connections are probable between the aquifer and the Missouri
River

•

Geochemical analysis o f the LNAPL strongly suggest a single, local
source o f the diesel fiiel

The study provided valuable geologic data but most importantly probably pointed
the finger at BNSF as the most likely (and only possible) source o f the pollutant.
Through 1999, a total o f 499,499 gallons o f free diesel product has been
recovered from the subsurface plume. F igure 3 provides an annual summary o f
product recovery from the various methods utilized by BNSF.
Current efforts at remediation include two simultaneous systems. BNSF
continues to operate the fuel recovery system utilizing wells located in a
downtown parking lot. A second cleanup, initiated by NDDOH has begun to
remove vapors from the soil at a localized site.’ Construction costs associated
with the horizontal well SVE/AS system used by the state were $1.5 million.®

* Bismarck Tribune, "Back to the drawing board on Mandan oil spill". May 25, 1999.
’ Bismarck Tribune, "Mandan diesel spill to get high-powered attention", November 22, 2001.
®Personal letto* from L. David Glatt, Director, NDDOH, January 24, 2002.
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Mandan Fuel Recovery History
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Figure 3 - BNSF Fuel Recovery by Year
Mandan, North Dakota^
In late 2001, a meeting was tentatively scheduled between the regional
director o f the EPA, North Dakota senators and local political officials and BNSF
to resolve the spill issues.'® On Friday, February 22, 2002, the State o f North
Dakota announced; “North Dakota Attorney General Wayne Stenehjem put
Burlington Northern Santa Fe Railway Company on notice Friday, announcing he
will sue the transportation giant for failing to clean up spilled diesel fuel trapped
above the ground water in downtown Mandan..

Stenehjem further stated: “It

is time for the court system to intervene and confirm what the state already knows
- BNSF is responsible for one o f the largest environmental contamination's in the
history o f the state.” The article also indicated that BNSF had spent almost $15
million in cleanup costs to date at the site.

®Adapted from Roberts, 2001.
Bismarck Tribune, "Mandan diesel spill to get high-powered attention", November 22, 2001.
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Jurisdiction issues continue to impact cleanup efforts. Studies determined
the general direction and seasonal variation o f groundwater flow and the position
o f the LNAPL body at low and high water stages, but did not determine surface
water pollution potential. This is an important omission. The Environmental
Protection Agency (EPA) refused to take jurisdiction since the Mandan site was
evaluated (for violation o f federal environmental laws) with regard to the Oil
Pollution Act but did not qualify for the use o f these authorities as surface waters
(the Heart and/or Missouri Rivers) are not being impacted. The site was evaluated
under the Clean W ater Act provisions, but [again] these authorities were not
applicable as no known release to surface w ater is occurring. The EPA states that,
if release to surface water is discovered, then EPA would have authority to
address this particular situation in Mandan under the Oil Pollution A ct.’^ The lack
o f jurisdiction by the EPA eliminates available technology expertise and possible
legal remedy from the State's use.
In the Mandan case, the political environment has precluded effective
movement on cleanup efforts. Past administrations in the N orth Dakota State and
local governments resisted placing responsibility on BNSF due to the impact o f
the railroad on the local economy and the political power o f BNSF in the state.
Over a period o f years, BNSF almost exclusively controlled the study o f the site
and the choice o f recovery methods. Threats o f citizen lawsuit and a proactive

" Bismarck Tribune, "State to sue BNSF over spill", February 23,2002.
USEPA letter from Mr. Stephen Tuber, Water Program Director, Region 8, to the author dated
March 12,2002.

10
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government body have resulted in the current change in opinion against BNSF
and the resultant pending lawsuit by the State.

4.0

Case Study # 2 Skykom ish, W ashington
Beginning in the late 1890's, a refueling and maintenance site was

operated by Great Northern Railroad in the town o f Skykomish, Eastern King
County, Washington (about 60 miles slightly north and east o f Seattle).
Skykomish, population around 275, is located in the Cascade Mountains near
Stevens Pass and a short drive from Seattle. The town, once supported by the
lumber, mining and railroad industries, is now a sleepy tourist stop for fishermen,
hikers and winter sports enthusiasts. The South Fork o f the Skykomish River runs
along the edge o f town to the north (see F igure 4) and M aloney Creek borders

^

V

^
^

'
—

Figure 4:
Skykomish
Town Map

«

town to the south and west.
Skykomish inherited a legacy from the railroad industry that long-time
citizens have learned to live with. For decades, untold thousands o f gallons o f

II
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diesel and bunker oil spilled and leaked into the ground.'^ Almost 160,000 gallons
o f bunker fuel and lighter diesel oil have seeped into the aquifer under the town,
passing under houses, gardens and schools and moving toward the Skykomish.'**
The oil seepage was first discovered in 1912, when black gobs o f oil were seen
along the riverbank.*^ One resident described fishing in the 1940's as “when a
youngster you'd never fish below the bridge into tow n.. .because your fishing pole
would be clogged with oil”.

The river and soil is oil-saturated with fuel oil and

carcinogenic chemicals; students in Skykomish School District's only school can
dig into their playground and strike a black, sticky substance perfect for making
mud pies.'^
The site is located within the Skykomish River Valley, consisting mainly
o f glacio fluvial sediments filling the valley with poorly-to-moderately sorted
sand, gravel, cobbles and boulders interspersed with silt and clay lenses.'* The
base o f the sediment is estimated at 200 to 250 feet below ground surface. The
aquifer o f the site is unconfined and groundwater occurs at a shallow depth o f 5 to
15 feet under the site with groundwater flow generally from the southeast to the
northwest (WDE Supplemental RI/FI, 2001). The spill site covers an estimated 40
acres located approximately in the center o f town. Movement o f the plume with
the ground water and into the South Fork o f the Skykomish River during summer
months can be observed by oil seepage on the riverbank (WDE, 2001). Petroleum

Seattle PostIntelligencer.com, "Railroad left a mixed legacy in one-time boom town", October
24, 1998.
The Chronicle, "Oil seepage to be cleaned up beneath town o f Skykomish", July 6,2001.
Ibid.
Ibid.
The Planet Online Edition, "Playground Zero", Winter, 2001 edition.

12
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and PAHs are present in sediments along the riverbank at seep locations (WDE,
2001). In the 1960's the railroad considered soil remediation o f the site but the
project was abandoned.
In 1970, BNSF purchased the site and closed the fueling station in 1974.
Historical use o f the site resulted in the release o f contaminants from both the
electricity generating plant and the refueling activities (WDE, 2001). In the late
1970's, the railroad removed a 100,000 gallon oil tank that had no bottom, so for
many decades, oil was leaking from the tank and on to the groundwater
underneath the town. Over the years, oblivious to the leak, BNSF continued to
refill the tank with diesel oil.’’
Investigations performed by BNSF and the Washington Department o f
Ecology (WDE) since 1993 have revealed diesel fuel and other petroleum product
contamination in the soils and groundwater from the refueling activities. The
groundwater is contaminated with a mixture o f diesel and bunker C fuel and there
is both LNAPL and dissolved phase hydrocarbons.^® In addition, investigation
also found lead, arsenic and polychlorinated biphenyl’s (PCBs) in the soils at the
rail yard (WA DOE, 2001).
BNSF has admitted liability for damage at the spill site. There have been
no USGS or EPA studies o f the site; all site data has been collected by BNSF or
their consultants.^' In 1993, an “agreed order” (AO) was signed between BNSF
and the Washington Department o f Ecology (WDE) to begin a cleanup

Geology data takai from USGS Geologic Map o f the SkykomlsJi River, GIS 1-1963.
The Planet, online edition, "Playground Zero" by Sara Kopke, Winter 2001.
Personal communication with L. Bardy, WDE, via email February 01,2002.
Personal communication with L. Bardy, WDE, via email February 01,2002.
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Remediation Investigation (RI) and Feasibility Study (FS). After submission o f a
preliminary plan, BNSF began cleanup attempts in 1996 using recovery wells and
skimmer belts for the groundwater phase liquids and installed containment booms
to recover seepage on the river (WDE, 2000). In the same year, a draft RI report
was completed. The study provided baseline data about soils, groundwater, air
and river sediments throughout the site that were to be used to develop cleanup
options (WDE, 2001).
WDE assigned a new site lead (Ms. Louise Bardy) in 2000 that resulted in
delays in both additional study o f the site and in progress toward a remediation
solution. At the same time, changes in Washington State requirements for
petroleum cleanup and sampling requirements were in process that would
eventually require revised sampling plans from BNSF. The changes to sampling
requirements resulted in delays to further remediation and required additional
study o f the site by B N SF/^
WDE requested that BNSF enhance its product recovery system and stop
contaminants that are seeping into the Skykomish River through an interim action
in 2001 (WDE, 2001). In February, 2001, after additional study o f the site, BNSF
signed an interim action to eliminate seepage by the end o f the year through
installation o f a retaining wall. The wall, a 600 feet long underground barrier
composed o f a mixture o f bentonite and cement, would parallel a levy on the river
and extend to a depth o f 15 feet.^^ An AO was signed in July, 2001 incorporating
the proposed solution and the wall construction was completed in the Fall, 2001.
22

Ibid.
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Up to 50 additional monitoring wells have been installed in conjunction with the
wall to enable completion o f additional data collection to determine the next
phase o f recovery.
No formal groundwater remediation has occurred, as the State has not
decided what the final cleanup actions will be. BNSF finished a major sampling
effort in January 2002 that included installation, using rotosonic drill, o f many
new wells.^'* This method allows for fairly accurate soil profiles from each boring
and should enhance the site data to determine remediation methods. However, the
new sampling data, to be used in formulating the next phase plan, will not be
available until late Spring, 2002. To date, p unping and skimming methods
utilized by BNSF have resulted in approximately 800 gallons o f recovered free
phase diesel.^^
A supplemental RI/FS is in progress at the site. As part o f the work plan
for the site, BNSF will provide additional data to fill data gaps regarding the
extent o f the plume and potential health and environment impacts. BNSF will also
determine the vertical and horizontal extent o f the contaminants in the soils and
groundwater in preparation o f the Phase II recovery plan (WDE, 2001).
In Skykomish, political and social impediments to effective remediation
have existed for almost 25 years or more.
Sometime in the 1970's the state tried to initiated cleanup under water quality laws
but the town refiised. Many town residents worked for the railroad and were part of
the history of spills, etc. so you can understand their thinking. Some residents want a
Salmon Information Network, www. salmoninfo. ore/news/railroadoil htm. accessed 5/4/2002.
Personal communication with L. Bardy, WDE, via email February 1, 2002.
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pristine cleanup but don't want to be inconvenienced. Some just want the whole issue
to go away. And, the railroad is a challenge...
The formal cleanup process continues. Additional studies will be
completed over the next 12-16 months and will include additional feasibility
studies and sampling to complete the site data. According to WDE, the pollution
took decades to get to its current condition. Expectations that this situation will be
fixed quickly may be unrealistic.^’

5.0

Factors Affecting Rem ediation
Recovery o f diesel spills both from groundwater and soil has proven

problematic in the past. While understanding the nature, transport and fate o f
these organic contaminants is necessary to design appropriate, cost-effective
remediation solutions at contaminated sites (Hostettler, et.al., 2000), other factors
also contribute to the methods o f recovery.
The fate and transport o f liquid petroleum products in the subsurface is
determined primarily by the properties o f the liquid and the characteristics o f the
geologic media into which the product has been released (USEPA, 1996, III-l).
Physical properties o f diesel that are important in determining movement and
recovery methods are viscosity and density (USEPA 1996). Viscosity determines
the mobility o f the free diesel product. Petroleum products with low viscosity
(gasoline) are more mobile and more easily recoverable than those with higher
viscosity (diesel). Because diesel is less dense than water, the free product floats
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Personal communication with L. Bardy, WDE, via email, February 11, 2002.
Ibid.
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on the water table providing easier access for recovery than materials that sink or
dissolve into the water table. It is generally accepted that diesel flows in the
direction o f groundwater flow, but at a slower speed due to its viscosity (unlike
gasoline which may flow faster than water). Diesel fuel may contain 500
individual compounds that tend to be more dense, much less volatile, less water
soluble and less mobile than gasoline (USEPA 1996).
Soil properties that influence the movement o f diesel fuel free product
include permeability and porosity. The extent and fate o f petroleum hydrocarbon
migration depends in part on the properties o f the subsurface medium in which it
is released (USEPA 1996). The recoverability o f free product from the subsurface
environment is dependent on the transport properties o f the geologic media
(USEPA, 1996IV -1). While extensive studies have been conducted in M andan
and Skykomish utilizing monitoring and sampling wells, because o f the disjointed
efforts and various techniques utilized, the sampling data does not provide
conq)lete geologic information o f the spill sites. In both cases this has been
acknowledged and “gap filling” data collection is planned but inhibits firm
identification o f a preferred remediation method. Each o f the study sites is located
within heterogeneous alluvial deposits, with the Mandan alluvium containing
smaller and better sorted materials (sand, silty sand) versus the glaciofluvial
deposits at Skykomish (sand to boulders).
Sand and gravel, as they exist at each o f the case study sites, are relatively
porous materials and allow fairly constant groundwater flow dependent on the
heterogeneity o f the strata. Generally, porosity determines the amount and depth
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o f the LNAPL body and permeability the areal extent in any given direction.
Because o f the variations in both o f these properties the pathway o f a plume may
be difficult to determine. However, the hydraulic conductivity o f the geologic
media may be predictable if the characteristics can be accurately determined and
mapped. Geologic media with relatively high hydraulic conductivity are highly
permeable and can easily transmit non-viscous fluids, especially water and many
types o f petroleum products (USEPA, 1996).
The Skykomish plume may be more likely to be recovered because o f the
larger pore spaces (therefore larger “pools”) in the media than is the case in
Mandan. Movement to the river in Skykomish may readily occur due to easier
movement through the poorly sorted media. In any case, the complications in
interpretation due to the heterogeneous geology and the varying water table
gradient in Mandan (Hostettler, et. al., 2000) probably exist at Skykomish. Site
specific characteristics including depth to groundwater, direction o f groundwater
flow and volume and timing o f the spill are also important properties for
determining the remediation methods to utilize.
The problems o f inadequate site characterization and poor system design
are evident at Mandan and Skykomish and, though many years have been spent
on site study, additional work needs to be done . The areal and vertical extent o f
free product must be delineated before a free product recovery system can be
designed (USEPA, 1996IV-2). Variations in the vertical distribution o f
contaminant concentrations in the upper zone o f the aquifer would be determined
most accurately by using specially constructed monitor wells to sample from
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isolated zones within the aquifer (USGS, 1999). Skykomish data is incomplete
and will not allow analysis o f extent o f the plume until further data collection is
complete in Spring, 2002. In Mandan, the extent o f the plumes has been estimated
based on a common kriging method with its inherent limitations (Hostettler, et.al.,
2000) and was conducted at a single point in time, disregarding seasonal
fluctuations o f groundwater flow and movement o f the plume both vertically and
horizontally. The varying extent (and fluctuations) o f the plume may be the cause
o f the fluctuations in success o f the various recovery methods.
Estimated volume o f product is also critical for determining recovery
strategy and for measuring the success o f that strategy. The methods used to
estimate the volume o f free product are based on theoretical models and the
reliability o f volume estimates may be low, with accuracy within an order o f
magnitude (USEPA, 1996IV -1). Based on various methods o f measurement, the
Mandan site has been estimated to contain anywhere from 600,000 gallons o f free
diesel up to a maximum o f 3.0 million gallons. The Skykomish estimate o f
160,000 gallons is based on well data collected during the supplemental RI from
approximately 25 wells and an areal map o f the study site.^® The total volume
may be higher considering the years o f fiieling activities though some product has
surfaced at the South Fork Skykomish River and at other sites in the town.
While the these fectors have not been completely delineated at the study
sites, sufficient data and characterization exists to provide at least general
recommendations on remediation technologies that may best apply. Some o f these
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technologies have been implemented at the sites, especially at Mandan, but it is
suspected that inadequate design due to incomplete data has reduced the
efficiency o f the methods chosen.

6.0

Recovery Technologies
The technologies utilized at the Mandan and Skykomish sites represent the

most basic and probably oldest o f the available recovery methods (although the
NDDOH SVE/AS system in Mandan may be considered an emerging
technology). Application o f new technologies, enhancement o f previously utilized
technologies, or combinations o f technologies may remediate spill sites by
recovery o f free LNAPL in amounts not previously contemplated. Technologies
may be either in-situ (treatment in place) or ex-situ (removed from the original
environment and treated above-surface).
Characteristics o f the Mandan and Skykomish sites are similar enough to
allow formulation o f a remediation plan based on the known site data. The
common character used in this evaluation include:
1. Similarity and depth o f groundwater table
2. Similarity o f geologic media
3. Areal and vertical extent o f free diesel product
4. Degradation character o f the hydrocarbons
At both sites the groundwater table is near the surface providing access to the
floating free product. Mandan and Skykomish geologic media are relatively
highly permeable with sufficient pore space for certain technology applications

Data taken from ThermoRetec map titled "Summary o f Supplemental RI Sampling Locations,
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that require some ease o f groundwater and soil vapor movement through the
medium. The areal extent o f the plumes, especially vertical depth o f free product,
is conducive to certain remediation technologies that require availability o f a high
volume o f free product for success. These similarities at the sites will be
addressed in discussion o f applicable recovery technologies.
The effectiveness o f a recovery system to collect free product depends
upon the mobility o f the free product through the geologic media (USEPA, 1996).
For the LNAPL bodies in Mandan and Skykomish, the movement downward
through the media into the groundwater may be an indication that most o f the free
phase diesel is floating free on the groundwater surface and therefore subject to
recovery utilizing the appropriate methods. Presence o f oil seeps in the riverbanks
in Skykomish is evidence o f movement down gradient in the groundwater. It is
suspected by the author that there is some unknown movement to the Heart River
in the Mandan Spill.
Remediation by recovery o f free-floating product on the groundwater is
generally considered the first and immediate step in spill recovery. The BP A, in
its 1996 publication How To Effectively Recover Free Product at Leaking
Underground Storage Tank Sites, states:
R ecovery o f free product to the maximum extent practicable is m erely the first
step in a typical remediation action. Regardless o f what type o f petroleum
product w as released and the characteristics o f the subsurface materials, a
significant portion o f the total release volum e w ill not be recoverable by any
existin g remedial method.

11/ 12/2001.
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The primary purpose o f a free product recovery system is to recover as much free
product as possible, as quickly as possible, and with as little expense as possible
(USEPA, 1996). In the case o f both Mandan and Skykomish, “as quickly as
possible” can no longer be met due to the time elapsed since the spills occurred.
For the most part the expense o f the recovery methods have been ignored in this
study and, except for generalizations, will not be addressed. That leaves the
problem o f recovery o f as much product as possible.
At the Mandan site initial success was realized with removal o f several
hundred thousand gallons during the first couple o f years (similar success is not
documented in Skykomish). BNSF began the recovery using trench and skimmer
boom methods with some early success (probably due to the large volume o f
available product). Later methods included pump-and-treat using a variety o f
recovery wells and various size vacuum trucks, all o f which proved inadequate.
As noted above, several methods have been utilized in Mandan, without success,
in attempts to recover the balance o f the LNAPL. Soil remediation has not yet
been addressed at Mandan. The most recent method tried at Mandan was a
horizontal containment and collection technique, a soil vapor extraction/air
sparging system, or SVE/AS, operated by NDDOH. That method may have failed
due either to groundwater upwelling at the well sites affecting performance o f
SVE screens or the air sparging is driving free product away from the well
(USEPA, 1995). The literature suggests that free product removal must be a first
priority or soil saturation may effect the SVE process.
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In Skykomish, a few product recovery wells, using skimmer belts, were
installed in 1996 next to the Skykomish River. This pilot study produced
disappointing results, recovering only 800 gallons o f product out o f the estimated
160,000 gallons in the plume. In July, 2001, BNSF installed a 600 foot long
underground barrier to stop the flow o f oil just short o f the river. WDE indicated
that “pooling” behind the wall may make future recovery o f the fuel easier but
data is not available to support that position. No data on the success o f the wall
have been published to date. Additional sampling is ongoing and publication is
anticipated in late Spring, 2002.
6.1

P rim ary T reatm en t M ethods
6.1.1

Pump-and-treat
Pump-and-treat technologies (see F igure 5) continue to offer perhaps the
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greatest initial benefit to product recovery, especially at the Skykomish site, as
proven by the initial success in the late 1980’s in Mandan, in spite o f inherent
limitations.
In Mandan, the diesel contamination pumped from the groundwater was
treated on site and cycled through the city water treatment plant prior to re
injection. Pump-and-treat once proved effective (probably due to the large volume
o f product m Mandan) and it is suspected that initial recovery would perform well
in Skykomish.
The literature suggests that as a stand-alone technology the limits o f
recovery success are achieved rather quickly and other technologies are needed to
continue remediation efforts. At a 1987 spill site at an AMOCOM pipeline
accident that resulted in 350,000 to 2.0 million gallons o f free product, initial
pump-and-treat methods provided favorable results. The recovery system
hydraulically contained free petroleum product and resulted in removal o f
118,000 gallons from the plume, though the recovery reached a plateau in 1990
and dropped significantly at that time (see Figure 6).^^
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From https://www.dcm.\.osd.mil/denl\/Public/Librar\’/Remedv/Amoco/amocoO 1 html. The
Defense Environmental Network and Information Exchange, article titled Petroleum Product
Recovery and Contaminated Groundwater Remediation Amoco Petroleum Pipeline Costatine,
Michigan, 1994,

24

R eproduced with perm ission o f the copyright owner. F urther reproduction prohibited w itho ut perm ission.

There are limitations to the technology. Regulatory and scientific attention
directed at ground water remediation in the early 1980’s, in response to Superfund
legislation, relied heavily on “pump-and-treat” technology. The EPA conducted
various studies on the technology and concluded that the “pump-and-treat” system
had a number o f shortcomings, especially under the following conditions: (1)
subsurface heterogeneity, (2) sorption o f contaminants to aquifer solids, (3)
presence o f Non-Aqueous Phase Liquids (NAPLs), (3) inadequate site
characterization, and (4) poor system design (USEPA, 2000). Subsurface
heterogeneity presents problems when contaminants reside in lenses/layers o f
alternating permeable character. Under such conditions movement out o f the low
permeability zones, and thus extraction from the aquifer, is significantly
hampered by diffusion rates. Likewise, when contaminants are sorbed to solids,
i.e. soils, within the aquifer, the extraction rate can be significantly limited
(Thacher et a l, 1999). The removal o f LNAPL from ground water using pumpand-treat methodologies presents difficulties due to their low solubility in water.
They tend to accumulate on the top o f the water table and seep into the capillary
fringe, making them difficult to extract via the pumping mechanism. Lastly, the
costs o f transporting extracted ground water to treatment plants and actual
treatment o f that ground water are often prohibitively high (Sawyer, 1998).
As o f December, 2001 a total o f 88 sites under the EPA Superfund
Program utilized pump-and-treat in part or in total as their remediation process
(USEPA, 2001). 36 o f the 67 operational sites reported that performance and
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effectiveness were sufficient but only 20% were meeting remediation goals
(USEPA, 2001).
In general, the effectiveness o f pump-and-treat systems may be
compromised by a number o f factors related to the contaminates o f interest and
characteristics o f the site. As a result, it is usually impossible to reduce
contaminants (using this method) to below drinking water standards in reasonable
time frames, e.g., less than 10 years (Mackay, et.al., 1989). The concerns
discussed, whUe noted, may be addressed through additional site data collection
o f the exact position and depth o f the plume and adequate system design,
especially well placement, and utilization o f correct follow-on technologies.
6.1.2

Directional Drilling

Directional Drilling wells provide the advantage o f increased recovery per
well and, furthermore, they may be drilled horizontally under existing structures
to target an area o f contamination that is otherwise unreachable due to surface
obstructions. One well, installed parallel to the horizontal axis o f the plume body,
can incorporate the influence o f up to 20 vertical SVE wells (USEPA, 1997)
because they increase the pumping rate via their long screened intervals (Reid et
al., 1994). The wells provide “linear, constant, and uniform air delivery or
vacuum to the [contaminant] formation” (EPA, 1997), thereby significantly
increasing overall efficiency o f SVE and air sparging systems.
Additionally, horizontal wells can be drilled with “pin point accuracy” in
order to target the exact location o f a contaminant plume. The boreholes can also
be designed to follow the geometric pattern o f the contaminant plume allowing
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even greater direct access to contaminants than vertical wells (Reid, et a l, 1994).
The limitations o f directional drilling include disturbances to SVE systems in
areas o f fluctuating water tables, the necessity for both detailed mapping o f
potential subsurface obstacles, and detailed cost analysis prior to implementation
(www.epareachit.org, 2002). This technique is more likely to work in cohesive
and sandy soils. Gravelly soil and random fill can be prone to collapse before the
bore hole is otherwise stabilized (www.epareachit.org, 2002). In the case o f
relatively shallow aquifers ( >8m below ground surface), the cost o f horizontal
wells is comparable to those o f vertical wells as less sophisticated equipment can
be employed (Sawyer, 1998).
6.1.3

Dual Phased Extraction

Dual Phased Extraction (DPE), unlike other methods, concurrently removes
contaminated ground water and soil vapors through the use o f one high power
vacuum extraction bore hole into the saturated zone (see Figure 7). DPE, also
referred to as Multiphase Extraction (MPE) or Total Fluids Extraction (TFE) may
be effective when applied to sites with soil, ground water, and free-phase product
contamination such as exist at Mandan and Skykomish. Some variations on the
system also place wells into the unsaturated zone (Lindhult et a l, 1996). The high
power vacuum used to extract ground water lowers the ground water,
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Figure 7 - Typical D ual Phase E xtraction (DPE) System^*
table and creates a cone o f depression at the point o f vapor extraction thereby
allowing access to previously saturated soils and the capillary fringe (EPA, 1997)
which are inaccessible using solely SVE. The lowering o f the water table makes
DPE particularly well suited to recovery o f LNAPLs that tend to float on the top
o f the water table. This system also eliminates the risk o f ground water upwelling
possible when using an SVE system. Estimates suggest that water table downdraw increases the zone o f influence o f this system in comparison to pump-andtreat systems with zones o f influence o f up to 100 feet from the recovery well
(Lindhult et al., 1996).
Different types o f DPE system may be more suitable for a particular site
as determined based on soil hydraulic and pneumatic properties and contaminant
type and distribution. These types include:

From New Mexico Dept, o f Env located at http://www.nmenv,state.nm.us/ust/cl-dpe.html
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> Drop Tube Entrainment Extraction. A tube connected to a vacuum is
dropped down an extraction well. Vapors and ground water are
extracted simultaneously; contaminants are stripped in the extraction
tube, separated, if necessary, above ground and treated (stripping is
removal o f aqueous phase contaminants by mass transfer to a vapor
phase). Stripping efficiencies o f up to 90% are common (EPA, 1997).
This system is most efficient under conditions o f low ground water
yield and low hydraulic conductivity.
> Well Screen Entrainment Extraction. In this configuration, ground
water and soil vapors are screened in the saturated and vadose zone.
The ground water is aspirated into the vapor stream at the well screen
(EPA, 1997) and stripped and transported to the surface for separation
and treatment. This system is the most simple to operate, but is limited
by depth to ground water. It is generally limited to depths o f 10 feet
below the ground surface.
> Down-hole Pump Extraction. The system extracts ground water via
pump and vapors via vacuum in two separate pipes to the surface for
treatment. It is most effective in high conductivity soils and for
extraction o f larger quantities o f ground water at greater depths. This
system is most similar to traditional pump-and-treat systems because
o f its lack o f a stripping mechanism.
DPE can be an enhancement technology for SVE, as well as a stand-alone
technology under appropriate conditions.
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6.1.4

Bioslurping

Bioslurping, a specific type o f DPE technology, is targeted specifically for
LNAPL removal (see F igure 8). Bioslurping is the adaptation and application o f
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F igure 8 - T ypical B ioslurping System 32
vacuum-enhanced dewatering technology to the remediation o f petroleum
contaminated sites. The bioslurping system incorporates a “slurp tube” which is
lowered into the LNAPL layer to remove free product, a vacuum that removes
volatile gases, and bio venting that enhances biodégradation (EPA, 1996).
Removed contaminants are treated with above ground treatment systems.
Bioslurping systems cycle between vacuum extraction o f free product,
along with some ground water, and vacuum extraction o f vapors. The system
begins by extracting free product and ground water, which is then directed to an
oil-water separator. The LNAPL is recovered for recycling and the ground water
collected for treatment or disposal. This process continues until the water level

From USAEC Environmental Technology, located on the web at
http://aec.army.mil/prod/usaec/et/restor/pol02a.htl
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falls below the reaches o f the “slurp tube,” at which point vapor extraction is
initiated. The vapor moves to an air-liquid separator and subsequently to a
treatment system. The removal o f vapors induces airflow in the subsurface
(bioventing) and therefore enhances biodégradation (EPA, 1996). Vapor
extraction continues until the water level rises due to the vacuum induced pressure
gradient, at which point the free product extraction resumes. This cycle creates a
relatively stable water table level and minimizes “smearing” (movement o f
aqueous phase hydrocarbon product to the unsaturated zone and sorption to soil
particles) (EPA, 1996).
Bioslurping has been used at various Air Force bases throughout the
United States for the removal o f LNAPLs and the Air Force has concluded that
bioslurping is more effective than skimming or dual-pumping techniques (EPA,
1996). Bioslurping was used at one site to recover 3,900L o f LNAPL during one
year o f operation at a cost o f $120,000 (EPA, 1996).
The Air Force Center for Environmental Excellence (AFCEE) conducted
an engineering evaluation and cost analysis o f bioslurping, and a comparison o f
bioslurping with other free product recovery techniques including skimming and
drawdown pumping. Field demonstrations o f bioslurping were conducted at 18
Air Force sites throughout the country. The sites included in the evaluation
showed that bioslurping recovered LNAPL at a higher rate than either skimming
or drawdown pumping. The bioslurping and drawdown systems removed
comparable amounts o f water, while the skimming system removed negligible
water. An analysis o f costs showed that the overall cost for capital and six months
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o f operation was less for the bioslurper than for either the skimming or drawdown
systems identified in the study.
Limitations o f the technology include (1) emulsion accumulation in some
pumping systems, (2) “biofouling” o f well screens due to aeration, and (3)
bioslurping cannot treat contamination o f saturated soils (EPA, 1996).
6.1.5

In-Well Vapor Stripping

In-Well Vapor Stripping technology utilizes the creation o f a ground water
circulation pattern through a stripping well (a stripping well converts the aqueous
contaminant to a vapor phase by means o f aeration and mass transfer) (see Figure
9). As ground water is pumped into the lower reaches o f the stripping well and
moves upward toward the surface, LNAPLs are stripped or volatilized out o f the
water via aeration (Miller, 1997). When the ground water reaches the top o f the
well it is circulated back into the vadose zone where it percolates down through
the soil matrix to the ground water and is re-circulated through the system until
desired contaminant levels are reached. As the vapors reach the top o f the well
they are either extracted via an SVE system to the surface for treatment, or
alternatively released into the vadose zone for biodégradation.
The system may not be a viable option for shallow aquifer treatment as the
water may not have enough vertical space through which to be adequately

Informaticn from the Federal Remediation Technologies Roundtable, conducted December 5,
2001, Bioslurping o f LNAPL at Multiple A ir Force Sites, located on the web at
http://www.frtr.gov/meet.html.
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stripped. One advantage is this system lowers costs by eliminating the need to
handling and treat ground water above the surface (Miller, 1997).
6 .2

Secondary T reatm en t M ethods
6.2.1

Soil Vapor Extraction (SVE)

Soil Vapor Extraction (SVE), an in situ technique used to extract VOCs
from the vadose zone, can be operated alone under appropriate conditions.
However, it is often used along with other enhancement/complimentary
technologies (see F igure 10). SVE operates through movement o f the
contaminant from the liquid phase to the vapor phase by forcing air through the
soil matrix. Once the contaminant is in the vapor phase, it can be extracted under

From Federal Remediatim Technologies Roundtable, located on the web at
http://www.frtr.gov/matrix2/section4/4_45.html.
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an air pressure gradient (vacuum) from the vadose zone and treated above ground.
Common methods o f above ground treatment are carbon or catalytic oxidation
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Figure 10 - Combination Soil Vapor Extraction/Air Sparging System 35
(www.epareachit.org, 2002) and condensation by refrigeration (USEPA, 1991). If
the liquid contaminant is located in the ground water rather than the soil, another
technology such as air sparging must be used to move the contaminant out o f the
ground water and up into the vadose zone where it can then be extracted via the
SVE system.
SVE is dependant upon three basic factors. (1) the contaminants must be
sufficiently volatile, (2) significant ‘vapor flow rate’ must be established through
unsaturated soils, and (3) an air flow path must be established close to the
contamination source (www.epareachit.org, 2002).^^ The number o f wells.

From USEPA Solid Waste and Emergency Response, EPA 542F96-008, April, 1996.
Quantitative criteria for acceptable soil saturation, soil permeability, and vapor pressure for use
o f an SVE system appears to be site specific as estimates o f these values differed in the peer
review literature.
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spacing between wells, type o f pumps and off-gas control requirements are based
primarily on these three fectors.
The advantage o f SVE technology over other remediation techniques
includes the simplicity o f installation and operation, minimum amount o f
equipment required, and minimal disturbance to the site. SVE works well with
gasoline hydrocarbons and chlorinated hydrocarbons in permeable soils.
However, diesel fuels are not readily removed by SVE, therefore these heavier
petroleum products may be more suitable for removal by bio venting.
6.2.2

Air Sparging

Air Sparging (AS), also known as Soil/Ground Water Aeration, or
Biosparging is effective in its ability to treat contamination within the capillary
fringe as well as below the water table, an area otherwise inaccessible with SVE
systems. An AS system typically injects air or oxygen under high pressure into
the saturated zone and/or ground water below the lowest known point o f
contamination (Adams et al., 2000). This action enables a phase transfer o f
hydrocarbons from the dissolved state to a vapor phase (EPA, 1995).
When used in conjunction with SVE systems, AS has proven to be more
effective and cost effective than pump-and-treat systems because some
contaminants such as LNAPL desorb more readily into the gas phase than into
ground water (Miller, 1996) and are therefore more easily extracted. Once
contaminants have been stripped via the air sparging operation the pressure
gradient created by the SVE system directs the flow o f contaminants to the
extraction wells for removal (Adams et al., 2000). This system has the added
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benefit o f containing pollutants and preventing them from migrating to
uncontaminated areas. Once the vaporized pollutants are extracted they can be
treated above ground by traditional methods such carbon filtration or combustion
(Adams et al., 2000). At one site where an AS/SVE system was utilized for 18
months, hydrocarbon concentrations in ground water were reduced by 99%
(Miller, 1996). It was estimated that a pump-and-treat system would have taken 7
to 15 years to reach the same result (Miller, 1996). The AS/SVE system was
utilized at a fraction o f the projected price o f a pump-and-treat system. These
relatively low costs make air sparging a good alternative when large quantities o f
ground water must be treated (Miller, 1996).
In order for air sparging to be effective the injected air must be able to
reach the contaminants and, subsequently, the volatilized contaminants must be
able to reach the vadose zone for extraction by the SVE system. Therefore, AS
systems are most effective in moderate to high permeability soils. Additionally,
air sparging can be made cost prohibitive in cases where ground water is not
deeper than 5 feet or the saturated zone is not relatively thick (Miller, 1996). Due
to the high pressure under which air is being forced into the subsurface, when not
used in conjunction with SVE systems, AS systems can induce o ff site migration
o f vapors and ground water plumes (Johnson, 1993 and EPA, 1995).
An air sparging and soil vapor extraction (AS/SVE) system began
operating at a site at Mound Plant, Miamisburg, Ohio in December 1997. The
system was intended to remove chlorinated VOCs from the soil and groundwater
at the site. Groundwater and geologic media site characteristics were very similar
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to Mandan and Skykomish. The contaminated aquifer resides within glacial
outwash (15-20 feet thick) with depths to the vadose zone contamination o f less
than 20 ft. Hydraulic gradients are nearly flat.^^
After 2

years o f operation, 3,433 lbs. o f VOCs had been removed, and

the total VOC concentrations in the unsaturated zone decreased from 618.1 to
4.54 mg/kg. I f system performance is maintained, the site was projected to meet
cleanup goals by December 2002. The total cost for AS/SVE at this site was
$ 1,439,039/'
A site at Amcor Precast in Ogden, Utah installed an SVE/AS system in
March, 1992. The site remediation targeted a variety o f contaminants including
petroleum hydrocarbons spilled from imderground storage tanks. The system
utilized three technologies including a groundwater sparging system, a
groundwater recirculation system and an SVE system, with the sparging system
intended as the primary remediation method. Depth to groundwater was 5 to 15
feet in interbedded silty sands and poorly graded fine gravel. Aerial extent o f the
plume vyas about 30,000 feet.^^ The application o f density-driven (a combination
o f aerobic degradation and in situ air stripping) groundwater sparging and SVE
achieved the specific cleanup goals for both soil and groundwater; the cleanup
goal for naphthalene in groundwater was achieved within 18 months.'*”

From Federal Remediatim Technologies Rmndtable, A ir Sparging and Soil Vapor Extraction
at the Mound Plant O U I Site, Miamisburg, Ohio, located on die web at
WWW, frtr.gov/cost/index.html.
Ibid.
From Federal Remediatim Technologies Roundtable, Density-Driven Groundwater Sparging
at AmcorPrecast Ogden, Utah, located on the web at www.frtr.gov/cost/index.html.
Ibid.
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6.2.3

Bioventing

The bio venting process is similar to air sparging, utilizing air pumped into
the subsurface to increase microbial activity and thus accelerate the breakdown o f
LNAPLs and other organic matter through bioremediation. The main difference
between bio venting and an AS system is that bioventing wells are installed into
the vadose zone, treating contaminated vadose zone soils. In bioventing, the
activity o f the o f the indigenous bacteria is enhanced by inducing air flow into the
unsaturated zone and, if necessary, adding nutrients (EPA, 1995). Air flow rates
are generally much lower than with AS systems in order to maximize
biodégradation rates and minimize volatilization rates (Miller, 1996). Bioventii^,
therefore, is potentially less costly than AS, as it eliminates the need for vacuum
extraction systems as well as above ground treatment. A major limitation o f
bio venting is that it is not effective in uncapped shallow soils where air can
escape through the vadose zone soils before it can be used by microorganisms in
respiration. Bioventing has proven to be very effective in remediating releases o f
petroleum products including diesel (EPA, 1995). The most important factors that
control the effectiveness o f bio venting are the permeability o f the petroleum
contaminated soils (sand and gravel are more conducive to this technology than
clay and silt) and the biodegradability o f the petroleum constituents (EPA, 1995).
Since bioventing wells are installed into the vadose zone, the vadose zone must be
at least three to four feet thick to install proper equipment (Leahy et al., 1995).
The Air Force Center for Environmental Excellence (AFCEE), in
cooperation with the Air Force Armstrong Laboratory and the U.S. Environmental
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Protection Agency, conducted a study in 1992 to demonstrate the feasibility o f
using bioventmg to remediate petroleum contaminated soils in a variety o f
climatic, soil, and contaminant conditions. Between April 1992 and December
1995, initial bio venting tests were conducted at 145 Air Force sites throughout the
country. The specific configuration o f the system varied somewhat from site to
site depending on requirements and horizontal wells were used at five o f the sites.
Results (after one year) showed that bioventing was effective in reducing
concentrations o f total petroleum hydrocarbons (TPH) in soil and soil gas in a
variety o f site conditions. TPHs were reduced by 24% and total volatile
hydrocarbon concentrations (TVH) were reduced by 90%.^“
6.2.4

Engineered Bioremediation

Engineered bioremediation, commonly referred to as bioremediation,
began gaining acceptance in the 1970’s as a viable alternative for the remediation
o f hydrocarbons (Chapelle, 1999). It first gained recognition as a way to clean up
petroleum spills in marine ecosystems but by the early 1980’s its sphere o f
influence had spread to applications in shallow water table aquifers (Chapelle,
1999). It has gained recognition as an efficient, economic, versatile, and
environmentally sound treatment (Margesin, 2001). The process involves the
enhancement o f microbial breakdown o f petroleum hydrocarbons via the input o f
oxygen, nitrate, and/or nutrients (nitrogen, potassium, and phosphate). The
limiting factors for microbial activity in a petroleum spill situation are electron

Information from the Federal Remediation Technologies Roundtable, conducted December 5,
2001, BiovetHing at Multiple Air Force Test Sites, located on the web at
http://www.frtr.gov/meet.html.
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acceptors and/or nutrients. Inputting oxygen and/or nitrate into the ground water
provides increased electro acceptors and therefore enhances microbial activity.
Oxygen can be added in the form o f hydrogen peroxide (shallow aquifers), in the
form o f Oxygen Release Compounds (ORCs), or pumped directly into an aquifer
as air. Nutrients and nitrate can also be pumped directly into the aquifer via
system similar to the SVE pumping system.
6.2.5

Thermal Enhancement

Thermal Enhancement can be very effective in increasing SVE efficiency.
The principle behind Thermal Enhancement for the removal o f LNAPL is that
heat is added to the subsurface thereby increasing the vapor pressure and
volatilizing the contaminants more quickly. The process also increases air
permeability in the subsurfece thereby increasing the vapor extraction efficiency
o f an SVE system. Higher temperatures in the subsurface also lead to enhanced
solubility and decreased adsorption, which also contribute to the eased recovery
o f contaminants (EPA, 1997). Studies have shown that many soil microbial
communities are able to survive temperatures up to 100® Celsius and thus can take
part in breaking down any organic material that is left behind by the thermally
enhanced SVE system (Davis, 1999).
Thermal enhancements are utilized to speed up bioremediation,
particularly in cold climates. One study showed an increase in bioremediation
rates by a factor o f 6 when Thermal Enhancements were used at a gasoline and
diesel spill site (Price, 1999).
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7.0

Proposed Remediation Plan
The Mandan and Skykomish spill sites are similar in depth to the

groundwater, characteristic o f geologic media and areal extent o f the plumes.
Based on the similarities o f the sites, the success and failure o f various methods
previously attempted at these sites, and the available technologies, it is possible to
formulate a suggested plan for remediation. Initial recovery methods should
include the use o f pump-and-treat methods utilizing existing well fields and
improved by proper placement o f additional well fields and equipment. Pumpand-treat should be enhanced with the use o f directional drilling for optimum
penetration. Trenching and skimming should be utilized where known nearsurface water table extrusions exist. New technology application should consider
dual-phased extraction (DPE) to maximize the “cone o f depression effect” and to
optimize recovery o f free product. In-well stripping should be used in locations
where vertical in-well distance is adequate for the technology to function and to
reduce the need for above-ground water treatment. Applications o f bio-slurping
technologies, a specific type o f DPE, may further enhance the above techniques.
Secondary treatment methods should include a soil vapor extraction
system (SVE), in combination with an air sparging (AS) system or, as an
alternative, a bio venting system. Final site soil remediate may be accomplished by
use o f engineered bioremediation methods to take advantage o f the aerated soil
conditions created by application o f the primary and secondary treatment
processes. Any o f these techniques may be aided by thermal enhancement. Heat
applied to groundwater aids in hydrocarbon volatilization and applied to soil aids
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in desorption o f the sorbed hydrocarbons and increases bio-activity that breaks
down hydrocarbons.

8.0

Conclusions
The diesel spills in M andan and Skykomish have resulted in economic

impact due to loss o f property value, local environmental hazard to health,
degradation o f ground water and surface w ater quality, and illness from exposure
to diesel fumes. In each case the railroad, as a local employer and an integral part
o f the culture, has resisted rapid response and dragged study and recovery on for
many years. Both the local governments and the communities themselves have
been responsible for the delays in cleanup.
Lack o f jurisdiction by federal authorities hampers application o f the
“best” the government has to offer to remove the diesel from both the
groundwater and the soil. The EPA refrises to acknowledge authority under
various environmental laws and therefore withholds their extensive knowledge o f
recovery methods, not to mention Federal Government legal clout. Both the
NDDOH and WDOE have been ineffective, for the most part, in applying the law
in a manner to force the railroad to apply the best data collection methods and
also the best (though possibly more expensive) recovery methods. Both systems
are moving forward; M andan through the court system in North Dakota and
Skykomish through the review process in Washington State.
More that 17 years have passed since discovery o f the Mandan spill and at
least 25 years since the extent o f the Skykomish spill was determined. This time
lapse has complicated recovery effort as has the unknown spatial movement o f the
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spills outward through the groundwater and, in the case o f Skykomish, the volume
to the surficial waters.
Understanding site characteristics is key to effective appUcation o f
recovery methods. Heterogeneous geology at both sites complicates interpretation
as does the data interpretation process itself. The unknown extent o f horizontal
movement and the inexact measurements o f vertical depth o f the LNAPL bodies
complicates application o f a technology to effectively recover free diesel.
The Mandan site, while having experienced early success in recovery o f
free product, suffers from insufficient and outdated sampling data on the extent
and nature o f the 1.5 million to 3.0 million gallon plume to proceed with
application o f an effective recovery method. The exact areal and vertical extent o f
the plume must be thoroughly identified as the next step in the scientific process.
The Skykomish site sampling continues and will be complete by late
Spring, 2002. A 600 foot retaining wall constructed under Phase I o f the
remediation plan may provide relief from ground seepage o f fuel into the South
Fork Skykomish River but sufficient data has not been collected to determine its
level o f success. The next phase o f the recovery plan will provide closure to “data
gaps” and hopefully allow selection o f the correct cleanup methods.
Based on the known scientific data, including potential size and depth o f
the diesel plume at the two sites, the relatively high permeability o f the geologic
media and the disappointing recovery efforts to date, recommendations are
provided for technology application. These include a primary recovery effort
continuing with pump-and-treat technologies enhanced with a variety o f other
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technologies including directional drilling, dual phased extraction (in particular
bioslurping), and in-well vapor stripping at selected sites. Secondary remediation
efforts include SVE combined with either air sparging or bio venting and
application o f engineered bioremediation methods. Thermal enhancement
technology may aid in the success o f these technologies. Successes at similar type
sites in use o f these technologies suggest at least some probability o f successful
application in M andan and Skykomish.
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